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The monthly mean precipitations observed by the Tropical Rainfall Measuring Mission (TRMM) 
Precipitation Rader (PR), which were compiled and released by Japan Aerospace Exploration Agency, were 
compared with those observed at 180 rain gauge stations, including island stations in the Pacific Ocean, 
TAO{fRITON and PIRATA buoys, JMA Meteorological Observatories and AMeDAS stations. The correlation 
coe妊icientbetween the PR observations and those of the gauges was 0.53; the PR precipitation data were about 
66% as large as the corresponding gauge data. The PR precipitation data are thus shown to be useful for 
『ualitativeanalysis of distribution and variations in oceanic rainfall, although the PR data need quantitative 
improvement. 
1. Introduction 
Precipitation is one of the important factors controlling sea surface density through changing sea 
surface salinity. Thus, the precipitation over the ocean is very important for determining dynamic structure of the 
ocean and formation of water masses. Despite its importance, distributions and time change of the precipitation 
over the ocean have not been understood very well quantitatively. Because in situ observation of the rainfall 
aboard a ship is not required (Japan Meteorological Agency, 2001 ),and is technically very diffic山（e.g. Iwasaka 
et al., 1999), the observations have been made on only some of research vessels and surface meteorological 
buoys ( e.g., Serra and McPhaden, 2003). Thus, precipitation over the ocean has been estimated from satellite 
observations by using infrared and/or microwave sensors (e.g., Adler et al., 2001; Huffman et al., 1997; Arkin 
and Xie, 1994), or re-analyses of atmospheric conditions by using numerical weather prediction models (Climate 
Prediction Center, http://www.cdc.noaa.gov/cdc/reanalysis/; European Centre for Medium-Range Weather 
Forcasts;http://www.ecmwf.int/products/), with few sea truth data. 
In November 1997, TRMM (Tropical Rainfall Measuring Mission) satellite was launched, and has 
continued observation successfully. The major mission of the satellite is to observe three dimensional structure 
of precipitation in the tropics and subtropics by using a newly developed Precipitation Radar (PR), the first 
sensor of this kind for satellite observation. Japan Aerospace Exploration Agency (JAXA: former National Space 
Development Agency of Japan) has released several kinds of the product from TRMM observations, including 
monthly mean, gridded precipitation data sets. These products are provided through internet home page of JAXA, 
enable researchers to use TRMM data without knowing technical details of TRMM observations and data 
processing procedures. 
In the present study, we compared monthly mean, gridded precipitation observed by TRMM PR to 
rain gauge data at islands, buoys and coastal observatories and discuss usefulness of the PR data in physical 
oceanographic studies. 
2. Data 
2.1 TR九'.IMPRdata
TRMM has two precipitation sensors aboard; one is the Precipitation Radar (PR) and the other is the 
TRMM Microwave Imager. PR isthe first radar developed to observe three dimensional structure of 
precipitation from space. In the present study, we will compare the observation made by this newly developed 
sensor to the rain gauge measurements. M吋orspecifications of the PR sensor are as follows; the radar is an 
active phase a口aysystem with frequencies of 13.796 and 13.802 GHz, which is capable of scanning over a 215 
km swath. Measured range of altitude is from ground level to 20km or higher. Range and horizontal resolutions 
are 250m and 4 to 5 km, respectively. Measurable rainfall intensity is 0.5mm h-1. 
The satelite flies in a non-sunsynchronous orbit. The inclination angle of the orbit is 35 degree, and 
the satellite goes round the Earth every 90 minutes, 16 times per day and observes rainfall between 35°N and 
35°S. The frequency of observation isabout twice a day in the highest latitudes of the observation region while 
once per two to three days in equatorial region. 
Monthly mean gridded data of precipitation at the level of near surface, 2km, 4km and 6km are 
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provided as a level 3 product of PR observations because PR has a capability to measure vertical profile of 
rainfall. In the present study we treated the near surface rainfall as a precipitation at sea surface and used them 
for comparison. The algorithm to calculate precipitation from PR backscattering data is called 3A25G2 (version 
5), of which primary product is monthly mean precipitation averaged over 5°X 5°longitude-latitude grid, but we 
used 0.5° X 0.5° degree average, monthly mean precipitation, which is a sub-product of the algorithm. The data 
source is shown in Table 1. The period of the data used in the present study is from 1998 through 2000. 
2.2 Rain gauge data 
Data sources of the rain gauge observations used in the present study are summarized in Table 1. 
Locations of the gauges are indicated in Figs. la and lb. The period of the data is from 1998 through 2000. 
(1) PACRAIN Data 
Rain gauge data obtained on many islands in the subtropical and the South Pacific Ocean have been 
collected and provided by The Pacific Rainfall Database (PACRAIN), which was founded by NOAA (National 
Oceanic and Atmospheric Administration) and currently run as a NOANNASA (National Aeronautics and Space 
Administration) joint activity. We obtained monthly rainfall data obtained at 56 stations. 
(2) Buoy rain gauge data 
Oceanic rainfall is observed at some of the surface mooring buoys of TOGA汀'AOarray in the tropical 
Pacific (McPhaden et al., 1998), operated by NOAA and JAMSTEC (Japan Marine Science and Technology 
Center), and PIRATA (Pilot Research Moored Array in the Tropical Atlantic; Servain et al., 1998) array in the 
tropical Atlantic operated by multi institutes in U.S.A, France and Brazil. Specifications of the rain gauge 
installed on the buoys are shown in Serra et al. (2001). 
We downloaded the daily mean rain rate data through TOGA/TAO home page run by NOAA PMEL 
(Pacific Marine Environmental Laboratory), and calculated monthly rainfall. When rainfall data are not available 
for more than 3 days in a month, the monthly mean is not calculated for the month at the station. The 
precipitation data of 40 buoys are used. 
(3) JMAdata 
Rainfall data obtained at rain gauges of 16 Japan Meteorological Agency's observatories and 66 
AMeDAS (Automated Meteorological Data Acquisition System) gauges located in islands and coastal regions 
are used for the comparison. 
3. Comparisons of monthly mean TRMM PR precipitation at near surface to gauge observations 
We compared the TRMM PR precipitations and the gauge observations based on monthly rainfall 
(mm mo-1). Some of the gauge rainfall data that are not monthly value are converted to monthly rainfall for the 
comparison as mentioned in Section 2. We computed a correlation coefficient and an inclination of the regression 
line with zero intercept for each comparison. Here after we cal the inclination of the regression line with zero 
intercept as ”Regression Coefficient". The Regression Coefficient is employed as a measure of over-or 
underestimate of the PR observation, and the correlation coefficient as a measure of correspondence of the PR 
precipitation to the gauge data. 
3.1 Comparisons for individual monthly means 
(1) Overall comparisons 
A scatter plot of TRMM PR monthly means against al gauge observations for the ntire analysis 
period is shown in Fig. 2. The correlation coefficient is 0.53, which is statistically significant with 10 % 
significance level. The Regression Coefficient is 0.66, much smaller than unity, suggesting the underestimation 
of the PR observation. 
We compared the PR observations to 0.5°×0.5° grid average gauge rainfall values but almost similar 
results are obtained. 
(2) Comparison for each latitude belt 
Observation frequency is higher in higher latitudes of the observation region of the TRMM satellite as 
mentioned in Section 2. Thus, one may expect the difference in observation frequency between latitudes causes 
di妊erenceof relationship between monthly mean precipitation observed by PR and those of gauge measurements. 
In order to examine the difference, we compared the PR and gauge monthly rainfalls for each latitude belt of 
which width is 10°. In each latitude belt, rain gauges located on the southern boundary of the belt belong to the 
latitude belt. 
The results shown in Table 2 suggest that the relationship between the PR and gauge observations 
does not seem to depend on latitude. The correlation coe旺icientfor the latitude belt of 30° -40°N is statistically 
di旺erentfrom those for 20° -30°N and 20° -30°S belts, and that for 0°-10°N is di妊erentfrom that for 20° -30°N 
belt with significance level of 5% but there is no clear latitudinal dependence of the correlation coefficient. The 
Regression Coefficients di百erfrom 0. 78 in 30° -40°N to 0.4 in 10° -20°N belts and minimum value of 0.4 is 
obtained in 10° -20°N but no clear latitudinal dependence is found. 
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(3) Comparison for each observation platform 
We examined whether or not the PR-gauge relationship depends on observation platform. In Fig. 3 
and Table 3, scatter plot, correlation coefficient and Regression Coefficient for each platform are shown. The 
correlation coefficients take their values of 0.51 to 0.54 and the plots are very scattered for each platform. There 
is no significant di妊erencebetween platforms although the Regression Coe百icientsfor the JMA observatories 
and AMeDAS are slightly larger than others. 
3.2 Comparison based on 10mm mo・1average precipitation 
The correlation coefficients and the Regression Coefficients computed in Section 3.1 may be strongly 
influenced by the relationship between the PR and gauge observations in low precipitation range because 
observation frequency of low precipitation was much larger than that of high values. Thus, in this subsection we 
examined the relationship between the PR and gauge data based on mean values of the gauge rainfall averaged 
every 10mm mo-1 bin. In the comparison, gauge precipitation data larger than 800mm mo-1 are excluded because 
of smallness of the observation frequency. The scatter plot and histograms of the rainfall are shown in Figs.4 and 
5, respectively. The histograms are normalized; that is, we divided average frequency of precipitation in each 
lOmmmo・1bin by the total number of the observation. 
The PR rainfall is smaller than gauge observations even after taking 10mm mo-1 average as shown in 
Fig. 4. The correlation coe宜'icientis 0.80 and the Regression Coefficient is 0.64. The PR rainfall tends to be 
larger than the regression line with zero intercept in the precipitation range smaller than 300・400mmmo-1 of the 
gauge observation but it tends to be smaller beyond the range. The standard deviation for each 10mm mo・1
becomes larger as average precipitation increases from Oto 200mm mo-1, but the standard deviation does not 
seem to depend on average rainfall for the range of 200・800mmmo・1.Mean value of the standard deviation for 
each 10mm mo-1 bin is 213mm mo-1. The histograms show that normalized observation frequency of the PR 
observation are larger than gauge observation for the range ofか100mmmo・1but are smaller for the range larger 
than 150mm mo・1.This tendency is consistent to the fact that he Regression Coefficients are smaller than unity. 
4. Discussion 
Validation studies of TRMM rainfall observations by comparing them to the ground data have been 
done several researchers such as Oki (1999, 2000), Kummerow et al., (2000), Serra and McPhaden (2003). Oki 
(1999, 2000) made comparisons of the TRMM PR to AMeDAS observations. She showed that the relationship 
between the PR and AMeDAS data differed from month to month but the PR precipitation tended to be smaller 
than that of AMeDAS. Kummerow et al. (2000) compared the TRMM rainfall observations to precipitation 
measured in 1998 at atolls and indicated that the PR observation tended to overestimate. Rainfall data obtained at 
surface meteorological buoys of TOGA{fAO array are used to evaluate the TRMM observation by Serra and 
McPhaden (2003). Their results are almost similar to that in the present study, but they discussed the possibility 
that the PR rainfall might be only 40% as large as real precipitation because the rain gauges installed on the 
buoys might underestimate precipitation due to wind e百ect.In general, however, we can say that the results 
shown in the previous studies and those of the present study are consistent. 
One may conclude that the PR observation of precipitation at near surface is underestimated because it 
shows only 65% as large as that observed at surface rain gauge stations. Degree of the underestimation of the 
precipitation by the PR seems large in low latitudes ( e.g., Kummerow et al., 2000; Kodama and Tamaoki, 2002). 
One possible cause of the underestimation is low sampling rate of the PR observation in low latitudes. 
When the clouds, of which base height is low and rain rate increases as the altitude decreases, occupy 
large portion of the cloud area, the PR near surface rain rate should be underestimated because the ”near surface" 
rainfall of the PR observation is actually the average rain rate at different altitudes from surface to 1.5km 
depending on the scan angle of the PR. In addition, the fact that minimum rain rate that the PR can detect is 
0.48mm h・1(Kozu and Kuroiwa, 1998) may also cause underestimation of the monthly precipitation if weak 
precipitation台equentlyoccurred in the analysis domain. 
On the other hand, the rain gauge observations at islands and ground stations might overestimate the 
surface precipitations due to topographic e旺ectson the rainfall at the stations. For example, one can expect 
convective rainfall due to surface solar heating or orographic rain around high mountains on an island, even if 
there is no rainfall in surrounding ocean area. However, the results of the comparisons between the PR and the 
buoy observations do not differ significantly from those of the comparisons for other gauge stations. Thus, we 
can conclude that the monthly mean rainfall estimated by the PR observation is really underestimated. 
Degree of underestimation of the PR rainfall in the 10・20°Nlatitudes is larger than that in the other 
latitudes, i.e., the Regression Coefficient for the 10・20°Nlatitude belt is about 0.4. Most of the gauge data in this 
latitude belt are come from the PACRAIN data base. Thus, the smallness of the Regression Coefficient might be 
due to problems inherent in the PACRAIN data. Kodama and Tamaoki (2002) show, however, the zonal mean 
PR rainfall between 5-15°N latitudes is much smaller than the climatological mean, zonally averaged rainfall 
estimated by The Global Precipitation Climatology Project (GPCP; Arkin and Xie, 1994). Although the latitudes 
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are slightly di旺erentfrom that of Kodama and Tamaoki (2002), the PR might underestimate rainfall significantly 
in the subtropics in the Northern Hemisphere. We can not identi今thecauses of the underestimation in the 
latitudes in the present study but one possible cause of the underestimation is the model size distribution of the 
rain droplet used in the algorithm to compute rain rate from the PR reflectivity may differ from latitude to 
latitude because rainfall types are di百erentbetween latitudes. 
The standard deviation of the PR rainfall for each 10mm mo-1 bin of the gauge observation is about 
210mm mo-1. If this is the most probable value of the sampling error of the 0.5°×0.5° grid averaged monthly 
precipitation estimated by the PR, the sampling error of the 5°X 5°grid average monthly mean is about 21mm 
mo-1 and 5°×5° grid average seasonal mean is about 12mm mo-1, respectively. 
Based upon the results of the present study, we can conclude that the grided, monthly mean data set of 
the PR precipitation at near surface (Level 3 data, version 5) is possibly underestimated by about 35%, i.e. the 
PR observation shows about 65% as large as the real rainfall. One should reduce the sampling error by averaging 
the gridded PR data in space and time when using the data set. Even though the underestimation, the PR data set 
of the current version is very useful for studying distribution and time change of the precipitation over the ocean 
if one treat the data set properly. 
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Table and figure captions 
Table 1: Data sets used in the present study 
Table 2: Comparison between monthly mean TRMM PR precipitation and rain gauge observation for each 
10-degree latitude belt. 
Table 3: Comparison between TRMM PR rainfall and ground observation obtained from each data source. 
Figure 1: Distribution of rain gauge stations used in the present study. (a) PACRAIN stations (open circles) and 
TAO/TRITON/PIRATA buoys (asterisks), and (b) JMA observatories ( open circles) and AMEDAS stations ( solid 
squares). 
Figure 2: Comparison between monthly mean precipitations observed by TRMM PR and those by rain gauge at 
ground stations. Abscissa indicates the precipitations observed by ground stations and ordinate shows those 
observed by TRMM PR. A regression line with zero intercept is shown in each panel. 
Figure 3: The same as Fig. 2, except for each ground station category. Upper left panel for JMA observatory, 
upper right for AMeDAS, lower left for PACRAIN and lower right for TAO/TRITON/PIRATA buoys, 
respectively. 
Figure 4: Scatter plot of precipitation averaged for each 10-mm mo-1 bin of the rain gauge data. Asterisk shows 
mean value of TRMM PR rainfall for each bin and bars indicate the standard deviation. 
Figure 5: Histograms of precipitation observed by ground stations and TRMM. The histograms were constructed 
from al observations used in the present study but showed for the precipitation range of 0-800 mm mo-・. 
Frequency is counted for each 10-mm/month bin and normalized by total number of observations for each 
observation method. Asterisks indicate the histogram for rain gauge data, and open circles for TRMM PR, 
respectively. 
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Table 1: Data sets used in the present study 
Data Set Provider 
TRMM PR monthly Rain NASDA EORC/fRMM Homepage 
Data Set http://www.eorc.nasda.go.jp/fRMM/index i.htm 
PACRAIN The Pacific Rainfall Database 
http://www.evac.ou.edu/pacrain/ 
TAO/fRITON/PIRATA NOAA's Pacific Marine Environmental Laboratory (PMEL) Home page 
http://www.pmel.noaa.gov/tao/data deliv /deliv.html 
AMeDAS DATA OF The Japan Meteorological Agency 
JAPAN (Available from Japan Meteorological Business Support Center, 3-17, 
1998, 1999,2000 Kanda Nisikicho, Chiyoda-ku Tokyo, 101-0054) 
ANNUAL REPORT OF 
THEJAPAN 
METEOROLOGICAL 
AGENCY 
1998, 1999,2000 
Table 2: Comparison between monthly mean TRMM PR precipitation and rain gauge observation for each 
10-degree latitude bel 
Correlation Inclination 
Number 
JMA TAO/ 
Latitude 
coefficient （つ of observatory AMeDAS PACRAIN TRITON/ stations PIRATA 
20S-30S 0.45 0.56 7 。 。 7 。
10S-20S 0.50 0.52 7 。 。 7 。
EQ・lOS 0.50 0.63 16 。 。 4 12 
lON-EQ 0.53 0.51 53 。 。 27 26 
20N-10N 0.51 0.40 13 。 。 11 2 
30N-20N 0.42 0.59 42 11 31 。 。
40N-30N 0.57 0.78 42 7 35 。 。
(*) Inclination of the linear regression line with zero intercept 
Table 3: Co b TRMM PR rainfall and d ob btained fr ch d 
Correlation coefficient Inclination Number of stations 
（本）
JMA observatory 0.54 0.73 18 
AMeDAS 0.51 0.70 66 
PACRAIN 0.52 0.58 56 
TAO/fRITON/PIRATA 0.51 0.61 40 
(*) Inclination of the linear regression line with zero intercept 
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Figure 1. Distribution of rain gauge 
stations used in the present study. (a) 
PACRAIN stations (open circles) and 
TAO/fRITON/PIRATA buoys 
(asterisks), and (b) JMA observatories 
( open circles) and AMEDAS stations 
(solid squares) 
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Figure 2: Comparison between monthly mean precipitations observed by TRMM PR and those by rain gauge at 
ground stations. Abscissa indicates the precipitations observed by ground stations and ordinate shows those 
observed by TRMM PR. A regression line with zero intercept is shown in each panel. 
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Figure 4: Scatter plot of precipitation averaged for each 10-mm mo・1bin of the rain gauge data. Asterisk shows 
mean value of TRMM PR rainfall for each bin and bars indicate the standard deviation. 
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Figure 5: Histograms of precipitation observed by ground stations and TRMM. The histograms were constructed 
from al observations used in the present study but showed for the precipitation range of 0-800 mm mo ・1. 
Frequency is counted for each 10-mm/month bin and normalized by total number of observations for each 
observation method. Asterisks indicate the histogram for rain gauge data, and open circles for TRMM PR, 
respectively. 
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